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Abstract—In this paper, we introduce a new class of
submillimeter robot (ChevBot) for microfactory applications in
dry environments, powered by a 532 nm laser beam. ChevBot is
an untethered microrobot propelled by a thermal Micro Electro
Mechanical (MEMS) actuator upon exposure to the laser light.
Novel models for opto-thermal-mechanical energy conversion
are proposed to describe the microrobot’s locomotion
mechanism. First, an opto-thermal simulation model is
presented which is experimentally validated with static
displacement measurements with microrobots tethered to the
substrate. Then, stick and slip motion of the microrobot was
predicted using a dynamic extension of our simulation model,
and experiments were conducted to validate this model in one
dimension. Promising microrobot designs were fabricated on a
silicon on insulator (SOI) wafer with 20pm device layer and a
dimple was assembled at the bottom to initiate directional
locomotion on a silicon substrate. Validation experiments
demonstrate that exposure to laser power below 2W and
repetition frequencies below 60 kHz can generate actuator
displacements of a few microns, and 46 pm/s locomotion velocity.

I. INTRODUCTION

Autonomous microrobots have been investigated by many
in the last few decades, for applications in micro and nano
manufacturing, biology, surgery and in-body exploration. In
general, microrobots can be classified into those incorporating
all necessary power, control and sensor infrastructure onboard
[17 [2] [3] [4]and those that harvest the energy and control
signals from the environment [5] [6] [7] [8] [9]. Other criteria
to classify microrobots depend on the intended applications
and environment.

For wet liquid environments, magnetic multi-DOF steering
has gained wide acceptance due to biological compatibility
and performance [6]. For applications in dry environments,
such as in microfactories for nanotechnology, an important
subclass of microrobots are those fabricated using MEMS
technology on silicon substrate. Regardless the fabrication
methods, magnetic, thermal, electrostatic, laser, focused light
and piezoelectric effects are all widely used in microrobot
actuation for this application. In [4], the authors compared six
most popular actuation methods in recent research. The
MEMS electrostatic actuator derives its popularity by very low
power consumption and reasonable amount of force output,
these two merits allow many of those designs to realize
untethered operation. Donald et al. [S] demonstrated a MEMS
microrobot design driven by electrostatic force on an
engineered surface. Thermal actuation is also widely applied
on microrobots, often by bimorph or Chevron actuators [4]
[10] [11]. Thermal actuators provide high force output while
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consume highest power among other mechanisms, thus many
deisigns are tethered to provide power. There were also
significant advancement in the studies of untethered
magnetically-powered microrobots [12] [13] [14]. These types
of the robots can operate in dry or wet environments, reach
relatively high velocities, move on the a variety of surfaces
[13] [14], interact with objects [14], and provide excelent
motion control. However, systems with magnetically powered
robots include external coils of significant size for magnetic
field generation, some of the designs require sigificant
magnetic fields for operation (1-30 mT) [12] [13] [14], and the
devices have to be fabricated from the ferromagnetic material.
These factors could be potentially limiting in microfactory
applications.

A key limiting factor in advancing microrobot
technologies with non-magnetic drives is the delivery of
power. Many microrobots have been experimentally
demonstrated using tethered power [1], because the reported
energy harvesters of that size can only provide power below
uW range. In the case of thermal actuators utilizing bimorph
or Chevron structures [4] [10] [15] [16], these provide high
force output but have to be tethered due to their power
requirements. Direct wireless power delivery to miniature
robots has several inherent advantages over energy harvested
and stored on-board. Under this paradigm, the power required
for the operation of the device is externally provided by a
dedicated source. The source can also control and
communicate with the robot, and this greatly simplifies its
internal structure of the microrobot.

The use of light or laser power in microrobotics is
motivated by the availability of lasers with high energy
concentrations and high directionality. However, its uses have
been focused on relatively large dimensional scales (a few
mm) and very small scales (below 10 nm). At the millimeter
dimensional scale, recent examples of optical actuation
include the Robofly [17] in which concentrated laser light
beam provides power to a photovoltaic cell then powers
actuators and on-board electronics. Optical trapping, is another
example of actuation using light energy, but in this case very
small forces, pN level, are generated to actuate objects smaller
than 10 microns in acqueous media. And thermally driven
impingement has also been exploited at the sub-millimeter
scale in dry environments for sub-millimetric flight [7] and in
liquid media to manipulate biological cells using optically
actuated bubbles [8].

The microrobot proposed in this paper, ChevBot, is a new
class of MEMS microrobot operating in dry environments,



along planar trajectories, powered and controlled remotely by
laser. ChevBot is fabricated from silicon using standard
MEMS techniques and offers a unique paradigm for actuation
at sub-millimeter scale, combining stick-and-slip locomotion
gaits with optically induced thermal actuation without the need
to use additional means, such as engineered surfaces or
electrostatic clamping. The main target application for
ChevBot is to provide the mobile robot equivalents, e.g. part
transport in future microfactory applications.

ChevBot was fabricated on an SOI wafer with 20um
device layer, with lateral dimensions of 520um. Additional
dimple was assembled on the microrobot “belly” to reduce
thermal dissipation and friction/stiction with the substrate
below. The performance of ChevBot was predicted by our
previous model developed in [10], however, at that time the
laser energy and power levels needed to realize locomotion
were unknown. Although actuation may also occur at other
laser wavelengths, in this paper we investigate locomotion of
the ChevBot when exposed to a 532 nm PWM Nd:YAG laser
unit with variable power and repetition frequencies. We
refined and experimentally validated a static opto-thermal
conversion model as well as a dynamic opto-thermo-
mechanical model. Two sets of experiments were conducted
to validate simulations: first, steady state experiments
measured the displacement generated by the thermal actuator
under laser energy at varying levels of power and repetition
rates; second, the displacement measurements were used to
validate a lumped model of the microrobot; third, experiments
were conducted to observe the microrobot locomotion and
measure its velocity, and fourth, the results were used to
validate the dynamic stick-and-slip simulation model. The
purpose of the simulation model is to study and predict the
effect of design variables to the expected motion of the
microrobot prior to further fabrication. Validation experiments
demonstrate that the laser actuation technique is well suited for
microrobot locomotion in dry environments and can generate
in excess of 40 pm/s locomotion velocity.

This paper is organized as follows: section II describes the
physical design and the geometry of the ChevBot; section III
provides details about fabrication, assembly, and the laser
experimental setup; section IV presents results of the steady
state simulation and actuator displacement measurements;
Section V focusses on dynamic (stick-and-slip) model and
ChevBot’s locomotion experiment; finally, section VI
concludes the paper and discusses future work.

II. PHYSICAL DIMENSIONS OF CHEVBOT AND MODE OF
OPERATION

The physical design of the ChevBot undertaken in this
paper is based on simulation models detailed in [10], which
predicted velocity of a few mm per second in response to the
laser pulsed signal in the kHz range. In this work, variations of
the design have been fabricated and used to experimentally
validating a static and dynamic model.

The ChevBot depicted in Figure 1 is composed of a body
frame, to which 12 thin beams acting as a Chevron actuator are
fixed on both sides and meet at the center shuttle. Two “feet”
are connected to the external side of the shuttle and they are in
contact with the operation surface after assembly. The dimple
is a piece of square-shaped silicon 80um wide and 20 pm

thick, fabricated on the same wafer, and assembled to the
center of the body frame. The evenly distributed holes in the
body frame help reduce release process time. The ChevBot is
260pm x 520pm in size, and 40um tall after the dimple is
assembled. The beam features the thinnest part of Spm wide,
200pm long and forms 87.14° angle with the body frame. In
Figure 1, the green ellipse indicates the shape and location of
the laser spot on the robot’s body during actuation.

Figure 1 A bottom-up and side views illustration of the ChevBot. The green
oval represents the laser spot on the microrobot’s body.
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The ChevBot and the substrate form a three-point contact
configuration including two contacts at the feet and one along
the edge of the dimple. Figure 2 depicts a mass-spring diagram
illustrating the ChevBot’s stick-and-slip gaiting motion. This
model simplifies the feet and dimple into two blocks with
masses m; and mp, respectively and simplifies the thermal
actuator into a weightless spring. During a laser on period, the
dimple sticks to the surface and the feet slip forward; when the
laser is switched off, the feet stick and the dimple slips forward
to achieve a gaiting cycle.

Figure 2. Illustration of ChevBot's stick-and-slip locomotion.
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III. FABRICATION, ASSEMBLY AND LASER TEST BENCH

In this section, we describe the fabrication process of the
microrobot, and the experimental set up for the laser actuation
measurements. The whole fabrication process of the ChevBot
has three major steps: photolithography mask design, the
silicon body fabrication, and the dimple assembly.

A. Clean Room Fabrication Process

The ChevBot was fabricated on a 4-inch SOI wafer with
20pum device layer, <100> orientation and 2pum of buried oxide
layer. The wafer was firstly cleaned to remove any



contamination on the surface, then a layer of 3um thick
photoresist (SPR220-3.0) was applied, exposed and
developed, which defines the shape of ChevBot and serves as
a subsequent masking layer for the deep reactive ion etching
(DRIE) process. The baking temperature in this process needs
to follow a ramp up and down profile to avoid cracks on the
photoresist surface. Then, a DRIE process was performed to
carve out the microrobot’s body and then diced into individual
dies. Finally, each die was released by soaking into 49%
hydro-fluoric acid for 20 minutes. The samples were dried
right after releasing process using a critical point drier (CPD).

B. Assembly with the NeXus Microassembly Station

The NeXus micro-assembly station is a customized multi-
stage micro manipulation system, shown in Figure 3. It
consists of three cameras providing a top-down, a horizontal
and an angled view (EO-3112C, EO-6412C and EO-1312C)
of the assembly site and two manipulators M1 and M3. M1
provides three degree-of-freedom (DOF) of motorized X, Y
and rotational (8), from bottom to top. The sample chuck is
fixed on top of the 0 stage. M3 is half-motorized with 7 DOFs:
a manual Z at the bottom, motorized X, Y, Z and 6, and tip, tilt
on the end-effector adapter. The end-effector is a vacuum
dispenser (SMD-VAC-HP) with 90° tip fixed onto the 6 stage
with a 3D printed adapter.

Figure 3. NeXus assembly station.
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The dimple was attached onto the body frame via UV
adhesive (BONDIC® L4G 3V5, Aurora, ON, Canada), for it
has appropriate viscosity and withstands the temperature
during laser actuation experiment. To assemble the dimple
onto the ChevBot, the dimple was firstly dipped into the
adhesive and then translated and aligned with the assembly
location; then the M3 stage lower its end-effector to finish the
attachment process. After contact, an UV flash light is used to
solidify the adhesive.

C. The Laser Test Bench

A test bench was developed to conduct laser irradiation
tests for both steady state and locomotion test. Considering
that steady state tests involve measurements only of the
actuator’s displacement, the microrobot was tethered to the
substrate. However, for locomotion tests, a X-Y positioning
stage holding the sample was used to compensate the
microrobot motion so that the laser spot was always delivered
on the center of the actuator. The components of the testing
bench consist: An Explorer One HE 532-200 from Spectra-
Physics; laser displacement sensor LK-H008 from Keyence;

system of lenses, long distance microscope objective, neutral
density filters and mirrors; X-Y positioning stage from
Newport (443 and 433 Series) and, sample chuck; tube lens,
illuminator and a Pixelink CMOS camera. Shown in Figure 4.

Figure 4 presents schematic view of the testing bench. The
laser beam is passed through the neutral density filters and
system of the lenses, toward the set of the adjustable mirrors,
that direct laser beam onto the ChevBot. The laser beam is at
45° angle to the normal of the sample’s surface. Thus, the laser
spot has an elliptical shape on the actuator. A camera with
microscope objective lens is placed above the sample chuck
for the visual feedback. The resulting optimal size of the laser
beam was large waist diameter of Wdmax = 300um and small
waist dimeter of Wdmin = 240pm.

Figure 4. The schematic of the laser testing bench.
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IV. STEADY STATE MODELING AND EXPERIMENTS

This section presents results of the simulation and series of
experiments required to evaluate the response of ChevBot to
different levels of laser power and repetition rate. The results
of this characterization are later used in developing dynamic
model.

A. Simulation Model for Steady State Analysis

A steady-state model was constructed and implemented
using MATLAB Simulink® to simulate the opto-thermal-
mechanical behavior of ChevBot. The model has three
components: an optical heating model, a thermal dissipation
model describing heat distribution process in the robot’s body
with boundary conditions, and a mechanical expansion model
based on the resulting thermal loading [10]. The constants used
in the simulation is shown in Table I. This model considered
the case of the microrobots tethered to the substrate for
comparison with actuator’s displacement measurements.

TABLE L. 'VALUES OF THE CONSTANT USED IN THE SIMULATION FOR
THE STEADY STATE ANALYSIS

Constant Quantity/Name Value
R Reflectivity of Silicon 0.3
Tonv Environment Temperature 20 °C
Dsi Silicon Density 2328 kg -m™3
hgir Air convection constant 10W-(m?-K)™t
kair Air thermal conductivity 0.025W: (m-K)™*
Co—air Air specific heat 716]- (Kg-K)™!
kg; Silicon thermal conductivity | 124 W+ (m-K)™*
Cysi Silicon specific heat 702]- (kg- K)™*
as; S;l;)(;grsli(c;efﬁment of thermal 2.6 x 1076 (°C) 1
0 Theta (beam angle) 0.05 rad




Figure 5. Block diagram of simulation model.
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When laser is directed onto the thermal actuator, a portion
of radiation energy is converted to heat actuator, while the rest
is reflected and lost (Figure 5). The heat energy Q generated at
the silicon surface can be described as [18] [19] [20]:

dQ = (1-R)E, - 4, (1)

where the R is the surface reflectivity, E, is the irradiation in
J/m? and A is the laser spot area in m>.

In Simulink®, this effect was simulated with the help of
lumped first order model which assumes that the illuminated
volume of the microrobot can be lumped into a hexahedron
shaped silicon structure with the same thickness and surface
area, thus the hexahedron becomes the equivalent of the laser
heated part of the thermal actuator. The laser induces a
temperature change in the silicon according to:

ar aeQ

at = o m=pV, V=14, 2)
where 7 is the thickness of the material, ¢ is the specific heat
capacity and p is the material’s density. A portion of converted
heat is lost due to thermal conduction, convection and
radiation. The air gap between the microrobot actuator and the
substrate is less than 10pm, which causes heat loss by thermal
conduction. The prevalence of conduction over convection has
long been established in electrothermal MEMS actuation with
a thin gap from the substrate [10] [18] [19]. The top surface of
the microrobot has direct contact with air, resulting in heat
losses due to convection; and losses due to radiation are
assumed to be negligible. The thermal conduction and air
convection are governed by:

. dT k
thermal conduction: Priniery (T-Ts),
. _dr _ o
air convection: —- = e (T - T), 4

where the k is thermal conductivity, T,, is environment
temperature, and h is the convection constant. After
determination of the heat transfer extracted from above model,
the displacement caused by thermal expansion can be
evaluated. The total deformation of the shuttle can be
expressed by [11]:

AL = aATL, Q)

Ady = [I2 + 2L(AL) — Leos?(0) ]z — Lsin(8), (6)

where AL is the length change on the beam due to temperature
change, L is original length of the beam of the actuator, « is
the thermal expansion coefficient, and 6 is the acute angle of
the beam formed with the shuttle on the thermal actuator.

Finally, the expected force output of the actuator is given by
[15][21]:

__ 2NAEsin?(6)

F, -

Adr, Q)
where the N is number of beams of the actuator — 6 pairs in
our case. A is cross-section area, E is Young’s modulus.

B. Displacement Measurement Experiments

A series of experiments were conducted to determine the
steady-state displacement of the thermal actuator upon laser
irradiation. As mentioned in section III, the laser spot has an
elliptic shape (Figure 1). Therefore, to maximize the heating
efficiency, the major axis of the ellipse is aligned with the
longitude of the ChevBot’s thermal actuator. Before recording
displacement measurements, experiments were conducted to
determine the damage threshold for average power, repetition
rate and laser spot size. The actuation displacement, Ad, was
determined for two laser parameters: average power (Pave)
and repetition rate (f). The average power was varied from
0.2W to 1.1W for six different repetition rates in the range 10-
60 kHz. The microrobot structure was exposed to the laser
light for 2 seconds in order to reach an equilibrium when the
thermal actuators stop extending. Results are shown in Figure
6. Maximum displacement of the actuator, approximately
1.4pm, is reached for laser light average power 1.1 W and f=
50 kHz.

Figure 6. Dependence of shuttle displacement (4d) on the laser average
power (P), for given repetition frequency (f).
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C. Steady State Simulation Model Validation

To validate the opto-thermal simulation model, average
power Pave and repetition rate f were fed into Simulink® to
estimate actuator deformation.

Figure 7. Maximum displacement (4d,,,,) vs. maximum average laser
power for repetition frequencies (10 — 50 kHz) — experimental data and
simulation result from our model.
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Figure 7 presents actuator’s maximum displacement
values for the delivered average laser power and repetition rate



/. and shows that both experimental and simulation results
follow similar trends. However, displacement values
estimated by our model are consistently lower compared to the
experiment, possibly due to lumped model approximations,
choice of constants, and silicon hexahedron equivalent used in
our laser spot model.

V.DYNAMIC MODEL AND UNTETHERED CHEVBOT MOTION

In this section we propose and validate a simple 1-
dimensional dynamical model of the ChevBot’s untethered
motion in order to estimate the velocity of the microrobot
when operating on a flat substrate. This model integrates the
steady-state opto-thermal response of section IV with stick-
and-slip dynamics.

A. Simulation Model for Dynamic Analysis

The dynamical model of the ChevBot was approximated
as a simple rigid body consisting of two sections attached at
point C, shown in Figure 8. The AC section represents the
Chevron actuator with variable length L+4d, and BC is the
constant height (%) of dimple. In this diagram, the operating
substrate is along the x axis (AB), and the independent
variables are x;, the dimple’s x coordinate, and x, the center
of mass (CMS) of the ChevBot. The shuttle’s leg position x;
is considered as a dependent variable.

Figure 8. Free body diagram of ChevBot — sideview.
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The actuator deformation Ad from (6) generates
instantaneous actuator force F, from (7) and can be used as
input to the dynamic model. The tilt angle between
microrobot and substrate f is initially approximately 5° and
decreases during actuation and extension of the robot’s body.

From the force and torque balance equation in the vertical
y direction, the surface reaction forces N; and N, acting on
the dimple and the leg can be determined. Assuming that the
microrobot moves toward positive x direction, motion of the
dimple (x;) and overall body/CMS (x) can be described by:

Fycos(B) — uNy — bty = ———13, (3)

—F,cos(B) + (N; — Ny)u — bx = m¥, )

where ¢ = 0.35 is the coefficient of friction and b is the
viscous damping b = 6.8x10%kg/s. uN; and (N; — Ny)u
represent frictional forces acting on the dimple and center of
mass; F, cos(B) is the x component of the driving force, and
bx,, bx are damping forces. Furthermore, the position of the
microrobot’s leg x» and angle 8 (both dependent variables)
can be determined from:

X, — Xy =+ (L — Ad)? — h2, sin(B) = ﬁ, (10)

where L — Ad is a function of time — the displacement of the
thermal actuator due to laser irradiation.

The stick and slip motion can be simulated by solving (8)
and (9) with respective constraint (10) — representing changes
to the microrobot length (x;-x,) and tilt angle 3.

Simulation is based on above equations of the motion with
respective constraints were carried out in Simulink®. Figure
9 presents plots of the changes of the position of CMS, as a
function of time for different values of the repetition
frequency and the power density of the laser. The width of the
laser pulse was kept constant (10ns in consistence with
experimental parameters of our pulsed laser). Simulation
results derived from our dynamic model (Figure 9) suggest
that untethered ChevBot would move with a constant speed
upon exposure to the laser light.

Figure 9. Changes of the position of center of mass (x) as a function of time
for different values of repetition frequency and irradiance.
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From Figure 9, we notice that increasing the laser power
density and repetition rate  would increase the locomotion
speed. Thus, indicating that by tuning the parameters of the
laser (repetition rate and average power), it is possible to
control dynamic properties of the ChevBot.

B. Velocity Measurement Experiments

To wvalidate the stick-and-slip dynamic model, an
assembled ChevBot was placed on a piece of silicon substrate,
then it was fixed onto the sample chuck of the X-Y stage of
the optical setup. The laser spot was fixed around center in the
field of view of the camera (Figure 10). In this manner we can
control the position of the laser spot relative to the ChevBot
by manually adjusting the X-Y stage. At the beginning of the
experiment, the microrobot was translated to the area
eradiated by the laser, and in a result, it was set into motion.

Figure 10. Two frames extracted from recorded video to calculate the
average velocity. Laser repetition frequency: SkHz. Average power: 60mW.

Frame #305,t =

The motion of the microrobot was analyzed based on
video frames acquired during the experiment. Since the laser
spot location is fixed and only the X-Y stage is compensating



the ChevBot’s motion, a piece of dust (a bright dot in Figure
10) on the substrate is chosen as the reference point to
determine the traveled distance. The velocity of the
microrobot can be estimated by selecting critical frames
indicating initial and final position points and corresponding
times — as represented by two frames from Figure 10 where
displacement is about 283um and corresponding time interval
about 6s.

The calculated velocity of ChevBot was 46.5um/s which
is lower compared to the one determined by simulation under
similar conditions (~56um/s). This discrepancy could be due
to the silicon substrate surface quality, dust particles, and the
model discrepancies.

VI. CONCLUSION

An untethered microrobot powered by pulsed laser
actuation is presented in this paper. The ChevBot is a MEMS
based microrobot locomote with stick-and-slip motion.
Wireless actuation of the robot is accomplished by a pulsed
laser with powers below 2W, frequencies below 60 kHz, and
microrobot velocities of approximately 46.5um/s. Results of
two sets of experiments are presented in this paper designed
to validate the steady-state and dynamic locomotion regimes
of the microrobot under varying laser power and frequencies.
Results show that there is trend-wise agreement between the
simulation and experiment.

In future work, we will extend the robot dynamical model
to include planar (x, y) motions, multiple leg designs, and
friction/stiction conditions. We will also work on controllers
to coordinate the motion of microrobot and laser spot, and to
accomplish  controllable trajectories as needed in
micro/nanomanipulation tasks.
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